INTRODUCTION
Peritonitis induced by zymosan A in mice is a well-characterized and largely used model of inflammation [1] . Zymosan A is an insoluble polysaccharide component of the cell wall from the yeast Sacharomyces cerevisae. Among other actions, zymosan induces mast cell degranulation and activates macrophages. When administered in the mouse peritoneal cavity, zymosan induces an increased vascular extravasation, one of the primary signs of inflammation. This is a key step in the inflammatory exudate formation and is followed by a timedependent recruitment of migratory cells, especially neutrophils [1] .
There are many mediators that coordinate the initial events of acute inflammation such as vasoactive amines, lipid-derived eicosanoids, chemokines, reactive oxygen species (ROS), NO, and cytokines. Edema is a result of plasma protein extravasation induced by vasoactive amines and eicosanoids. Vasodilatation is mediated primarily by NO and vasodilatory PGs. Proinflammatory cytokines, such as TNF-␣ and IL-1ß, activate signaling pathways in endothelial cells, which regulate the expression of adhesion molecules to initiate the recruitment of circulating leukocytes and partially activate (prime) migratory cells [2] [3] [4] .
It is well recognized that peritoneal resident cells, such as mesothelial cells, lymphocytes, mast cells, and macrophages, play a promoter role in the zymosan-induced peritonitis. It has been demonstrated recently in this model that histamine and PGE 2 released by mast cells contribute to the increased plasma protein extravasation [5] . However, the central cell type that mediates this process is the resident macrophage, which produces PGE 2 and especially cysteinyl leukotrienes (LTs) [6] .
LTs and PGs are mediators derived from the metabolism of arachidonic acid (AA) by 5-lipooxygenase and cyclooxygenase (COX), respectively. Two subclasses of LTs are found: the cysteinyl LTs (LTC 4 , LTD 4 , and LTE 4 ) and the LTB 4 . These mediators are synthesized from a common intermediate LTA 4 , originating LTC 4 through LTC 4 synthethase or originating LTB 4 through LTA 4 hydrolase action [7] . Conversely, many prostanoids are produced by the COX pathway, among them PGs, such as cyclopentane PGs and PGE 2. Another component of cysteinyl LTs and the PGE 2 pathway, which is rarely studied, is the secretion of these mediators from the cell. Their extrusion is mediated in an ATP-dependent manner by ATP-binding cassette (ABC) transporters, belonging to the ABCC family [8 -11] . It is possible, therefore, that substances capable of regulating ABCC transport may modulate an inflammatory process. In fact, abcc1 knockout mice show a diminished response to a nonspecific, inflammatory stimulus [12] . In a model of pneumonia induced by Streptococcus pneumoniae, abcc1 -/-mice demonstrated a reduced influx of granulocytes in the bronchoalveolar lavage fluid and a reduced production of protective cytokines and chemokines in lung homogenates, such as IL-6, MIP-2, and CXCL1, when compared with wild-type mice [13] . Therefore, by modifying one step of the inflammatory process, this action may affect further steps as a result of a cascade effect.
The present work aimed at investigating the role of ABCC transport further in an in vivo inflammatory model, namely zymosan-induced peritonitis in mice. For this, the systemic effects of well-known ABCC inhibitors [probenecid (PROB) and MK571] were studied with regard to several parameters characteristic of acute inflammation: the mediators produced, plasma protein extravasation, and cell migration into the inflammatory site.
MATERIALS AND METHODS

Animals
Nonfasted Swiss male mice (25-35 g ) were bred in the Pharmacology Department, Universidade Federal de Santa Catarina (UFSC; Florianópolis, Brazil), under a 12:12-h, light-dark cycle and with access to food and water ad libitum. The local ethics committee of UFSC had approved all protocols used.
Animal treatment
Animals were injected s.c. 30 min before zymosan injection (unless otherwise stated) with the COX inhibitor diclofenac (Sigma-Aldrich, St. Louis, MO, USA; 10 mg/kg) or the inhibitor of LT synthesis, MK886 (Cayman Chemical Co., Ann Arbor, MI, USA; 5 mg/kg), or one of the following ABCC inhibitors: PROB (200 or 400 mg/kg, Sigma-Aldrich) or MK571 (generously donated by Merck, Kirkland, Quebec, Canada; 20 mg/kg). Animals were injected i.v. with 10 mg/kg carboxyfluorescein diacetate (CFDA; Molecular Probes, Eugene, OR, USA).
Induction of peritonitis
Peritoneal inflammation was induced according to Doherty et al. [1] . Zymosan A (Sigma-Aldrich) was prepared freshly (2 mg/ml) in sterile, 0.9% w/v saline, and 0.5 ml was injected i.p. Animals were killed by cervical dislocation. The peritoneal cavity was washed with 1.5 ml cold PBS, and after 30 s of gentle manual massage, the exudate was retrieved, and the volume was measured. Exudates were centrifuged at 1500 g for 10 min and frozen at -70°C. In another set of experiments, the peritoneal cavity was washed twice with 7.5 ml each time of cold PBS to recover peritoneal cells; the exudate was collected and used freshly for cell counts and cytospin preparations.
Cell counts
Total cell count was performed with a Neubauer chamber, and differential cell counts were carried out, double-blind, on May-Grunwald Giemsa (Doles Reagentes, Goiás, Brazil)-stained cytospin preparations. Differential cell counts included macrophages and lymphocytes or neutrophils and eosinophils, which were expressed as a percentage of total leukocytes.
ABCC expression
RT-PCR was done as described in ref. [14] . Briefly, total RNA was extracted from resident peritoneal cells by using the Trizol reagent (Invitrogen, Scotland, UK) protocol. To eliminate passenger DNA, samples (5 g total RNA) were treated with RNAse-free DNAse I amplification grade (Invitrogen) using the kit protocol. The RT was performed using the RT Moloney murine leukemia virus (M-MLV; 200 U, Invitrogen). This reaction was performed using the following: treated RNA (5 g), 0.5 ng oligo dT (Promega, Madison, WI, USA), 0.5 mM dNTP mix (Invitrogen), 40 U RNAse OUT (Invitrogen), 0.01 mM DTT (Invitrogen), and M-MLV buffer reaction. The cDNA was prepared as described in the RT M-MLV (Invitrogen) protocol in a total of 20 l. cDNAs were stored at 4 o C until the PCR reaction was done. The amplification reaction was realized as described in the Accuprime TM Pfx SuperMix protocol. Briefly 1.5 l cDNA (0.375 g) was added to 11.25 l Accuprime TM Pfx SuperMix. To this mixture, 0.25 l antisense prime (10 M) for ABCC1 (5Ј-CGCAGGTT-GTGCAGGCCGAT-3Ј), ABCC2 (5Ј-TTTGTCCTTTCACTACTTC-3Ј), ABCC3 (5Ј-CGCTCTCAGCTCACCATCAT-3Ј), or ß-actin (CGTCTCCGGAGTCCAT-CACA); 0.25 l sense prime (10 M) for ABCC1 (5Ј-GTAGAGTTCCGGGAT-TAC-3Ј), ABCC2 (5Ј-TGGCTGAGATCGGAGAG-3Ј), ABCC3 (5Ј-CGCTCT-CAGCTCACCATCAT-3Ј), or ß-actin (TCCTTCGTTGCCGGTCCACA); and 0.5 l MgCl 2 (25 mM, Qbiogene, Irvine, CA, USA) were added. The PCR was performed in a DNA thermal cycler (Eppendorf Mastercycler personal, Hamburg, Germany), and the conditions for PCR were 5 min at 95 o C, followed by 33 cycles of 15 s at 95 o C, 30 s at 50 o C, and 1 min at 68 o C. The PCR products were size-fractionated in 1.8% agarose gels stained with 1 l GoldView TM . The DNA band sizes were confirmed by using the 50 pb DNA Ladder (Invitrogen).
Membrane-activated complex 3 (MAC-3) expression
For the detection of the MAC-3 molecule, cells from untreated mice were isolated as described above, and 5 ϫ 10 5 peritoneal cells were washed and incubated with anti-MAC-3 (FITC; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 30 min on ice. After this period, cells were washed in PBS and analyzed by flow cytometry using a FACSCalibur. Results were analyzed by WinMID software.
ABCC activity in vivo
To analyze ABCC-related activity in vivo, mice were treated s.c. with PROB (200 or 400 mg/kg) or MK571 (20 mg/kg), and 30 min later, CFDA (10 mg/kg) was injected i.v. in a final volume of 5 l/g, as described before [15] . One hour later, mice were sacrificed, and peritoneal cells were recovered, washed, and put on ice until analysis by flow cytometry.
Vascular permeability
Vascular permeability was analyzed 30 min after zymosan injection, as described in ref. [6] . Results are expressed in g/cavity Evans blue or the difference between peritoneal exudate volumes of treated mice minus that of control mice (⌬ of volume increase in ml).
Measurement of paw edema
To test the ability of PROB to interfere with mast cell degranulation, mice were treated with PROB (200 or 400 mg/kg, s.c.) 30 min before compound 48/80 (Sigma-Aldrich; C48/80)-induced paw edema. The ability of ABCC inhibitors (PROB and MK571) to alter zymosan-induced paw edema was also tested. Mice were pretreated s.c. with ABCC inhibitors, followed by a s.c. injection in the plantar surface of the right hindpaw of C48/80 (12 g in 50 l, SigmaAldrich) or zymosan (500 g in 50 l). The contralateral paw received the same volume of PBS. Paw volume below the ankle joint was measured using a plethysmometer (Ugo Basile, Milan, Italy) at several time-points (10 -120 min for C48/80-induced edema or 1-6 h for zymosan-induced edema) after the agent injection. Paw edema was expressed in l as the difference between the volumes of right and left paws. Each point represents the mean Ϯ SEM of at least four animals.
Cytokine and eicosanoid content
The peritoneal exudate contents of mouse TNF-␣ and IL-1ß were measured by DuoSet ELISA (R&D Systems, Minneapolis, MN, USA), according to the recommendations of the supplier. The peritoneal exudate contents of LTC 4 and PGE 2 were measured by enzyme immunosorbent assay, as recommended by Cayman Chemical Co. The LT kit detects manly LTC 4 and LTC 5 .
NO metabolites (NOx) content
The nitrite concentration in the exudate was determined 30 min after zymosan injection. This was done by reducing nitrate enzymatically, using the enzyme nitrate reductase expressed in Escherichia coli grown anaerobically, as described before [16] . Nitrite levels were determined by the Griess method [17] . Values are expressed as nmol/cavity NOx.
Oxidative burst chemiluminescence (CL)
Mice were injected s.c. with PROB (200 mg/kg) or MK571 (20 mg/kg), and 30 min later, cells from the peritoneal cavity were harvested with 2.5 ml Hanks' and placed in vials (in a total final volume of 2 ml). Luminol (50 M) was introduced to the reaction vials, which were then allowed to equilibrate for 10 min to quantify the background CL generated by untreated phagocytes. Cells were stimulated with 150 g/vial zymosan. After 10, 20, and 30 min following stimulant addition, vials were placed in a liquid scintillation counter (Packard Tri-Carb 1900 CA liquid scintillation analyzer) set for single photon counting and a 0.5-min counting interval per vial. After the assay, cells were counted in a Neubauer chamber. Cell counts in the peritoneal cavity were similar among saline, PROB, or MK571 s.c. treatment. Results are provided as average cpm for each 0.5 min counting interval per 10 5 cells. All CL experiments were performed in duplicate.
Statistical analysis
All results are presented as the mean Ϯ SEM. Statistical comparison of the data was performed using ANOVA one-way analysis of variance, followed by Neuman Keuls multiple comparison test. P values less than 0.05 were considered to be significant.
RESULTS
Characterization of resident cells present in the exudates
Resident cells harvested in peritoneum lavage were composed mainly by macrophages, lymphocytes, and a small numbers of mast cells (Fig. 1A) . In fact, most of these cells expressed MAC-3 (Fig. 1B) , suggesting that the majority of the cells analyzed was macrophages. To verify the expression of ABCC molecules on these cells, the exudate was collected; the mRNA was extracted and quantified, and the RT-PCR reaction was performed (Fig. 1C) . The resident peritoneal cells expressed abcc1 and abcc3 but not abcc2. Thus, the activity of these ABCC molecules was evaluated in resident peritoneal cells. Mice were treated s.c. with PROB (400 or 200 mg/kg) or MK571 (20 mg/kg), and 30 min later, the animals were injected with saline or CFDA (10 mg/kg), a fluorescent dye transported by ABCC. As observed in Figure 1D , the autofluorescence value is 2.32 Ϯ 0.18, and although the accumulation of CFDA in resident cells was small (mean fluorescence intensity 3.9 Ϯ 0.5), treatment with the classical ABCC inhibitors, MK571 (20 mg/kg) or PROB (200 or 400 mg/kg), increased CFDA intensity to 10.42 Ϯ 2.92, 10.94 Ϯ 2.28, or 34.2 Ϯ 16.27, respectively (Fig. 1D) , implying that ABCCs were active in resident cells and that MK571 (20 mg/kg) and PROB (200 mg/kg) were able to inhibit this activity in the same level. Moreover, these results show that PROB produced a dose-dependent inhibition. 
ABCC reversors decrease plasma extravasation induced by zymosan by inhibiting eicosanoid secretion
It has been demonstrated that cysteinyl LTs of macrophage origin are important mediators of vascular permeability at the early stages of zymosan-induced peritonitis [6] . As ABCC1 and ABCC3 are LTC 4 transporters, we analyzed the relationship between LTC 4 transport and the vascular permeability increase induced by zymosan treatment. Animal treatment with PROB (200 and 400 mg/kg, s.c.) as well as with MK571 (20 mg/kg, s.c.) 30 min prior to peritonitis induction was able to inhibit protein extravasation significantly (58Ϯ0.8, 86.6Ϯ7.4, and 97.6Ϯ2.3%, respectively; Fig. 2A) , as well as to decrease the volume of plasma exudation (Fig. 2B) . PROB (400 mg/kg), administered 3 h before peritonitis induction, was less effective, decreasing protein extravasation by 42 Ϯ 1.3%. As PGE 2 and LTC 4 are known to be produced in zymosan-induced peritonitis [1, 5, 6] , the effects of ABCC inhibitors on eicosanoids secretion were analyzed by us. As expected, the ABCC inhibitors, PROB (200 mg/kg) and MK571 (20 mg/kg), were able to diminish the amount of the ABCC1 and ABCC3 substrate, LTC 4 , in peritoneal exudates by 65.1 Ϯ 11 and 47.8 Ϯ 9.9%, and the positive control, the inhibitor of LT synthesis MK886, abolished its production (Fig. 2C) . A similar effect was observed on PGE 2 content. As shown in Figure 2D , PROB (200 mg/kg) and MK571 (20 mg/kg) as well as the positive-control diclofenac, inhibited the content of PGE 2 completely in peritoneal exudates: basal values (19.7Ϯ3.7), zymosan (50Ϯ4), PROB (16.6Ϯ6.8), MK571 (6.6Ϯ3), diclofenac (11.3Ϯ2.8) ng/cavity.
Another form of analyzing plasma extravasation is the paw edema model. ABCC inhibitors were able to decrease zymosaninduced paw edema (Fig. 2E ) Furthermore, this reduction does not seem to be a direct inhibition of mast cell degranulation, as PROB (400 or 200 mg/kg) did not affect edema formation induced by 48/80 (Fig. 2F) .
ABCC inhibitors decrease zymosan-induced cell migration
No increase in cell numbers was observed in the peritoneal cavity, when cell counts were performed 30 min after zymosan injection (4.8Ϯ0.7ϫ10 6 in animals injected with saline; 3.1Ϯ0.5ϫ10 6 in animals injected with zymosan). Furthermore, as observed before, the majority of these cells was mononuclear cells (91Ϯ1.0% control mice; 87Ϯ2.5% zymosan-injected mice). The total cell number in the peritoneal cavity went up to PROB inhibited cell migration in a dose-dependent manner in the first 6 h (Fig. 3A) . The number of granulocytes, mainly neutrophils, was enhanced significantly 2 h after zymosan injection, reaching a peak at 4 h, still high at 24 h (Fig. 3B) . Granulocyte migration up to 6 h after zymosan injection was reduced significantly by PROB (400 mg/kg) pretreatment (Fig. 3B) . However, 24 h after peritonitis induction, the pretreatment with PROB increased neutrophil cell numbers (Fig. 3B ). This increase is probably a reflection of the fact that PROB, given only once, might be delaying the inflammatory process. Monocyte cell numbers were only enhanced significantly 24 h after zymosan injection; at this time-point, PROB (400 mg/kg) pretreatment was not able to inhibit migration (Fig. 3C) . However, in the first 2 h, zymosan induced a decrease in mononuclear cell numbers, independent of PROB treatment, probably as result of the Fig. 3 . Effect of ABCC on cell migration. Mice were killed at time-points of 2, 4, 6, 24, and 48 h after zymosan-induced peritonitis. Total cell migration was counted using a Neubauer chamber (A). Cells were cytocentrifuged and stained with May-Grunwald to carry out the differential cell counts (B and C). PROB inhibited neutrophil migration (B) and diminished mononuclear cell accumulation until 6 h (C). Mice pretreated with MK571 were killed 4 h after zymosan injection. MK571 treatment was able to inhibit total cell migration (D), mainly neutrophils (E). Data represent mean Ϯ SEM from at least six animals. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001, different from basal values; #, P Ͻ 0.05; ##, P Ͻ 0.01; ###, P Ͻ 0.001, different from zymosan. macrophage disappearance reaction [18] . Macrophage numbers increased with time, and PROB treatment inhibited the recovery process at 4 h and 6 h (Fig. 3C ). Treatment with MK571 was able to inhibit zymosan-induced cell migration significantly, as observed at the peak of migration 4 h after peritonitis induction (Fig. 3D) , which is represented mainly by neutrophils (Fig. 3E) .
Different inflammatory mediators induced by zymosan are inhibited by ABCC reversors
As the cytokines TNF-␣ and IL-1ß are involved in cell migration [19] , the present work analyzed if the ABCC inhibitors, PROB and MK571, modulated their secretion. The maximal production of TNF-␣ and IL-1ß induced by zymosan was achieved 2 h after peritonitis induction (data not shown). At this time-point, PROB and MK571 were able to inhibit TNF-␣ secretion by 51.8 Ϯ 4.5 and 33.7 Ϯ 0.8%, respectively (Fig. 4A) , and IL-1ß by 83.4 Ϯ 13% and 71.2 Ϯ 13.4% (Fig. 4B) .
The in vivo treatment with ABCC inhibitors was able to reduce different features of inflammation. The possibility that these effects were related to the inhibition of other mediators, which are produced early after zymosan activation, such as ROS and NO, was therefore investigated. The maximal levels of NOx production were archived at 30 min after zymosan injection and decreased rapidly; in 1 h, the NOx content almost returned to basal levels (data not shown). At 30 min after peritonitis induction, no migration of polymorphonuclear cells was observed, suggesting that this NOx was not produced by neutrophils but by resident peritoneal cells. As shown in Figure 4C , PROB (200 mg/kg) and MK571 (20 mg/kg) were able to reduce NOx production at 30 min by 62 Ϯ 9.6 and 49.6 Ϯ 13.5%, respectively. To analyze if ABCC inhibitors affected ROS production, mice were treated with PROB (200 mg/kg) or with MK571 (20 mg/kg), and 30 min later, peritoneal cells were harvested in Hanks' solution and activated in vitro with 150 g zymosan. As shown in Figure 4D , the in vivo treatment with ABCC inhibitors was able to reduce ROS production, analyzed by means of CL, at different times. ROS production achieved maximal values 20 min after zymosan activation (501.2Ϯ110.4 cpm/10 5 cells), and at this time-point, PROB and MK571 inhibited ROS production by 65.4 Ϯ 7.4 and 80.6 Ϯ 6.1%, respectively.
DISCUSSION
Murine resident macrophages, present in the peritoneal cavity, express ABCC1 and ABCC3. The present study identified ABCC transporter activity as an important factor for the initial steps of inflammation induced by zymosan in mice peritoneum. PROB is an organic anion transport inhibitor, capable of inhibiting ABCC1 and ABCC3 [20, 21] . MK571 is a preferential inhibitor of ABCC1 [22] , but it has been described that this compound also inhibits ABCC4 and ABCC5 [23] . The inhibition of ABCC activity reduced the increased vascular permeability and cell migration induced by zymosan, and this was accompanied by a diminished content of inflammatory mediators in the peritoneal cavity.
The expression and/or activity of ABCC molecules in macrophages have been described already [24 -26] . In the present work, it was observed that the ABCC inhibitors PROB and MK571 reduced the increase in vascular permeability induced by zymosan. Our results are in agreement with those obtained by Wijnholds and collaborators [12] , who observed that ear swelling induced by topical application of AA was reduced in 
abcc1
-/-mice. The reduction in increased vascular permeability observed by us did not appear to depend on a direct effect on mast cell degranulation, as PROB did not inhibit plasma protein extravasation induced by the compound 48/80. However, it did not discard the involvement of mast cells in zymosan-induced peritonitis, as these cells can secrete many mediators, independent of their degranulation.
The reduction on increased vascular permeability could be associated to the reduced levels of LTC 4 and PGE 2 , observed in the present study, as both inflammatory mediators are involved in plasma protein extravasation [1, 6, 27] . Moreover, ABCC1 and ABCC3 transport LTC 4 [10, 11] , and recently, it has been demonstrated that ABCC1, ABCC2, and ABCC4 are involved in PGE 2 secretion [9, 28] . Therefore, the inhibition of ABCCs present in macrophages may be related directly to the diminished levels of LTC 4 and PGE 2 in peritoneal exudates.
Soon after zymosan injection, the recovery of peritoneal macrophages was diminished. The decrease in macrophage numbers might be a result of macrophage activation and increased adherence to the peritoneal cavity, a phenomenon known as macrophage disappearance reaction [18] . This increased adherence seemed to be compensated by the arrival of mononuclear cells into the cavity, and similar to what was observed with polymorphonuclear neutrophil (PMN), mononuclear cell migration appeared to be impaired by PROB, as no increase in mononuclear cells was observed up to 6 h after the stimulus. Another possibility is that activated cells detach after 2 h, and PROB affected this process somehow.
The recruitment of leukocytes to the inflammatory site involves cytokines such as TNF-␣ and IL-1␤ [19] . It has also been suggested that LTC 4 and PGE 2 participate in the influx of PMN cells in the peritonitis model induced by zymosan [29, 30] . Furthermore, Shultz et al. [13] demonstrated that abcc1 -/-mice inoculated with S. pneumoniae presented a reduction in neutrophil influx as well as in TNF-␣ content. Therefore, the reduction on cellular migration observed by us may be a result of the decreased levels in peritoneal cavity of cytokines and lipid mediators involved in cell migration. Moreover, it is known that cytokines such as TNF-␣ [31] and IL-1␤ [32] can be secreted from cells through ABC transporters such as ABCB1 and ABCA1, respectively. Therefore, the possibility that ABCC inhibitors could decrease TNF-␣ or IL-1␤ secretion mediated by an ABC transporter from resident cells and/or polymorphonuclear cells cannot be discarded.
Another hallmark of inflammation, NO production, was also decreased by both ABCC inhibitors. These results are in accordance with previous results from our group [25] , which demonstrated that PROB, indomethacin, and MK571 were capable in vitro of inhibiting NO secretion and inducible NO synthase expression by RAW macrophages activated with LPS by a post-transcriptional mechanism. Our present results demonstrated that the highest levels of NOx occurred 30 min after zymosan injection, suggesting that resident cells are involved in NO production and that this mediator might come from a constitutive enzyme. In fact, it has been shown that zymosan has a direct effect on peritoneal mesothelial cells, which are able to generate NO [33] . Beside these cells, endothelial cells and macrophages may also be responsible for this NO production. Moreover, the LTC 4 receptor is present in these cells, and it has been shown by Hui and collaborators [34] in transgenic mice overexpressing CysLTR 2 that stimulation of this receptor induced an increased Ca mobilization and NO production within 30 min. Therefore, it is possible that NO reduction could be an indirect effect of LTC 4 -reduced levels in the peritoneal cavity. However, it is worth taking into account that ROS production, induced by zymosan, was also inhibited. In a process that depends on a cascade effect, it is difficult to pinpoint the fundamental event being affected and what represents the consequences of the primary event.
We concluded that ABCC is important in the acute phase of zymosan-induced inflammation. In accordance with our data, it has been shown that abcc1 -/-mice displayed a reduced, acute phase of the inflammatory response to S. pneumoniae and Mycobacterium tuberculosis [13, 35] . Therefore, ABCC proteins represent an important target for studying the inflammatory process.
